Multiplication of the duplex, circular, phage 4X174DNA (replicative form, RF) For complementary strand synthesis to form RF in stage I, the phage DNA appropriates the multiprotein system used by the host cell for replication of its own chromosome (2, 3). Stage II of RF replication was known from genetic studies also to require the action of a phage-induced protein coded by cistron A (1, 4) and a host protein, rep (5). Our previous study of stage II described the capacity of a crude, soluble enzyme system to sustain RF replication and to provide assays for the partial purification of the proteins dependent on cisA and rep functions (6).
strand synthesis utilizes the product of stage II(+) as template and the multiprotein system previously identified in the stage I synthesis of a complementary strand on the viral DNA template to produce RF. The multiprotein system includes DNA unwinding protein, proteins i and n, dnaB protein, dnaC protein, dnaG protein, and DNA polymerase III holoenzyme. A discussion of these two separate mechanisms for synthesis of (+) and (-) strands suggests that they may account for essentially all the replicative stages in the life cycle of 6X174. Three DNA replicative stages make up the life cycle of phage 4X174: (I) conversion of the single-stranded, viral (+) circle (SS) to a circular, duplex, replicative form (RF); (II) multiplication of the RF; and (III) synthesis of viral strands using the complementary (-) strand of RF as template (1) .
For complementary strand synthesis to form RF in stage I, the phage DNA appropriates the multiprotein system used by the host cell for replication of its own chromosome (2, 3) . Stage II of RF replication was known from genetic studies also to require the action of a phage-induced protein coded by cistron A (1, 4) and a host protein, rep (5) . Our previous study of stage II described the capacity of a crude, soluble enzyme system to sustain RF replication and to provide assays for the partial purification of the proteins dependent on cisA and rep functions (6) .
In this report we describe that in the partial reconstitution with purified proteins, stage II can be subdivided into stages of (+) strand synthesis [II(+)] and (-) strand synthesis [II(-)].
Stage II(+) requires the products of the cisA and rep genes, DNA unwinding protein, and the DNA polymerase III holoenzyme. The stage II(+) product provides a template for (-) strand synthesis, which requires the multiprotein system used for synthesizing the complementary (-) strand in the stage I conversion of viral (+) strand to RF. This system includes DNA unwinding protein, proteins i and n, dnaB protein, dnaC protein, dnaG protein, and the DNA polymerase III holoenzyme.
Stage III, the synthesis of the viral strand in ivo, is coupled to its encapsidation and assembly into a virus particle. Although enzymatic reconstitution of this stage has not been described, it seems likely that the replicative mechanism will resemble that of (+) strand synthesis in stage II(+) of RF replication. A hyAbbreviations: SS, single-stranded circle of viral DNA; RF, replicative form. (6) . Sources of other purified proteins (i, n, dnaB, dnaC, dnaaG, DNA polymerase III holoenzyme, and DNA unwinding protein) were previously described (8) . Si, the single-strand-specific nuclease, was purchased from Miles Laboratories, Inc. Antibodies were prepared against each of several purified protein preparations (i, n, dnaB, dnaG, and DNA unwinding protein) and the y-globulins were purified to homogeneity, essentially as previously described (8) .
Competitive Reannealing of the Synthetic Products of Stage II(+) and II(-). The radioactively labeled product was mixed with unlabeled OX RF I DNA (7-10,ug/ml), sonicated, denatured, and reannealed in the absence and presence of 300-400 ,ug/ml of unlabeled viral (+) strands to a Cot [DNA concentration (moles of nucleotide/liter) X time (sec)] value of 1.5-2, essentially as previously described (9) . The amount of reannealed DNA was determined by digestion with the single-strand-specific S1 nuclease; the doublestranded DNA remaining was precipitated with trichloroacetic acid and the radioactivity was measured in a toluene-based scintillation fluid. The S1 nuclease digestion at 30°for 30 for 1 min and incubated for 24 hr at 370 as previously described (10) . After hybridization, the sample was chilled on ice, 100,g of cellulose was added as carrier, and the cellulose was collected by centrifugation in a Beckman Microfuge for 1 min at room temperature. The cellulose was washed twice at room temperature with 0.2 ml of a buffer containing four parts of hybridization buffer and one part water, followed by two washes, each with 0. Analysis of the synthetic product by competitive annealing with an excess of viral DNA showed that about 90% of the incorporated 32p label was competitively replaced ( Table 2) . As an internal control OX RF I [3H]DNA, labeled in both strands and present in the same annealing mixture, was competitively replaced to an extent near 50%. We infer from these data that the viral (+) strand is the predominant product synthesized and designate this initial event in stage II as stage II(+).
Based on nucleotide incorporation relative to the OX RF I template present in the reaction (Table 1) , about 50-60% of the complementary (-) DNA template was utilized for synthesis of viral (+) strand. In an identical reaction, in which 3H-labeled RF I template was used, no loss of template DNA was observed (<5%), suggesting that displacement of the parental viral (+) strand takes place simultaneously with the synthesis of viral DNA.
Sedimentation analysis of the product synthesized in stage II(+) reaction
The synthetic product of a reaction (as in Table 1 ) was analyzed by sedimentation through neutral and alkaline sucrose gradients ( Fig. 2A, and B) . Neither RF I nor RF II was formed. The rapid sedimentation of the synthetic product in neutral sucrose ( Fig.  2A) suggests the presence of extensive single-stranded regions. This is supported by the banding pattern obtained in neutral CsCl (Fig. 2C) , where a large proportion of the newly synthesized DNA banded at a density heavier than that of the OX RF DNA marker. Sedimentation analysis in alkaline sucrose showed that about 30% of the newly synthesized material cosedimented with a 16S OX single-stranded circular DNA marker, suggesting the formation of DNA strands longer than unit length, or circular in form (Fig. 2B) . Most of the newly synthesized viral strands, however, were found to be of the size of 14 S, unitlength OX DNA.
Stage II(+) product serves as template for synthesis of (-) strand by the multiprotein system The stage II(+) product (as in Table 1 ) was precipitated by 2-propanol and used as a template for further reaction with the multiprotein system that serves in conversion of kX174 SS to parental RF ( These two separable mechanisms for (+) strand and (-) strand synthesis suggest at once that all the replicative steps in the OXX174 life cycle may be accounted for by one or the other of these mechanisms (Fig. 1) *. Asymmetry in the synthesis of viral and complementary strands is not inconsistent with in vio observations (12, 13) . Should this generalization hold for OXX174, we wonder whether the replication patterns of other circular phage DNAs, plasmids, and even the growing fork of E. coli was stopped by addition of EDTA (to 0.1 M) followed by filtration through a Bio-Gel A-0.5m column (5 ml), equilibrated with a buffer containing 50 mM Tris (pH 7.5), 0.2 mg/ml of bovine serum albumin, 50 Mg/ml of heat-denatured salmon sperm DNA, 5 mM EDTA, and 1 M NaCl. The 32P-labeled product was eluted in the void volume. (A) An aliquot of the 32P-labeled product was mixed with 3H-labeled 4X174 single-stranded and RF I DNA markers and sedimented through a 5-20% neutral sucrose gradient. (B) An aliquot of the 32P-labeled product was treated with 0.2 M NaOH, mixed with 3H-labeled purified OX174 phage (pretreated with 0.2 M NaOH for 30 min at 30°), and then centrifuged through a 5-20% alkaline gradient. Neutral sucrose and alkaline sucrose solutions were previously described (9) . The experiments with neutral and alkaline sucrose gradients were performed in a SW 50.1 rotor at 50,000 rpm and 15°f or 2 and 3.5 hr, respectively. (C) A 75 Mll aliquot of the 32P-labeled product was diluted to 3 ml with buffer containing 50 mM Tris (pH 7.5), 0.2 mg/ml of bovine serum albumin, 5 Proc. Nati. Acad. Sci. USA 73 (1976) i.
